Aim Holocene plant migration rates appear to greatly exceed measured dispersal distances. This is a feature of species with all dispersal mechanisms and in all communities. The role of dispersal by large mammalian herbivores is explored as a mechanism that accounts for the observed dispersal rates.
I NTRODUCTI ON
Plant migration at the end of ice ages (in particular the last) has been a subject of considerable interest to ecologists for a century (e.g. Reid, 1899; Skellam, 1951) . There has been a recent increase in this interest as concern over global change has increased and the potential for successful migration in managed, fragmented landscapes has been questioned (Higgins & Richardson, 1999) . Papers have largely focused on the discrepancies between the observed rate of migration in the palaeorecord and the current detectable rate of dispersal observed in the ®eld. This has been termed Reid's paradox after one of the ®rst workers in this ®eld (Reid, 1899) . Put succinctly the palaeorecord shows that the observed range limits of tree species moved at a few hundred to up to 2000 m year ±1 (Huntley & Birks, 1983) , whereas measured dispersal distances are one or two orders of magnitude smaller (Higgins & Richardson, 1999) .
The development of models of dispersal and migration con®rm that measured dispersal rates are not high enough to account for migration rates. To account for the differences it is assumed that occasional long-distance dispersal events take place. These are handled as either`fat-tailed' (Clark, 1998) or two-phase mathematical models (Higgins & Richardson, 1999) of dispersal, or by assuming that birds or sometimes mammals act as vectors of long-distance dispersal. Enhancement of seed dispersal by large animals may be achieved by either the caching behaviour of birds like corvids or by passage through the gut (Wilkinson, 1997) . However, migratory movements northwards in the northern hemisphere occur in the spring and, because of this, are unlikely to have aided dispersal after an ice age. The exploratory dispersal of juvenile birds has been put forward as a potential mechanism to explain this long-range dispersal of tree species (Wilkinson, 1997) , as has chance weather events (Chambers, 1999) .
Most of the dispersal debate has focused on the migration of canopy tree species, as they are usually well represented in the palaeorecord. Far less has been concerned with the migration of species of other types such as woodland herbs, grassland, montane and desert species. Many species are not well recorded in pollen analyses as they are insect pollinated, have pollen that is not identi®able to species or even genus, or they occur in systems that are not conducive to forming a palaeorecord. These species, especially low-growing ones, may well be less successful at wind dispersal than tall growing trees, so that to achieve equivalent rates to tree taxa, migration must rely even more on dispersal by other vectors, or by chance weather events (Chambers, 1999) .
One continuing fault of much dispersal research is that it focuses only on the dispersal mechanism that is most obvious from the morphological adaptations shown by the plant, e.g. a winged pappus indicates that the species is wind dispersed. However, recent research has shown that many species are actually dispersed by more than one mechanism. Authors such as Welch (1985) and have demonstrated that a wide range of seeds can be dispersed endozoochorously (via the digestive tract). Similarly, many seeds can be dispersed on the outside of such herbivores (Fischer et al., 1996) or by their modern-day equivalents such as motor vehicles (Hodkinson & Thompson, 1997) , or man himself (Woodruffe-Peacock, 1918) . Pakeman et al. (1998) demonstrated that endozoochorous dispersal by rabbits could be a major contributor to regeneration after disturbance. Within a heavily grazed grassland system, c. 27% of regeneration from dispersed seeds was a result of this endozoochorous dispersal as opposed to 73% by other mechanisms (primarily wind or ectozoochorous dispersal), and more than 70% of the species present in the grassland vegetation were recorded germinating from pellets.
As many plants are apparently dispersed by animals, it suggests the question`can zoochorous dispersal by herbivores, particularly large ones, account for the discrepancy between present, observed dispersal rates and the past rates needed to account for the present range of species'. Given that seeds can and do survive passage through the gut Pakeman et al., 1998) , the large range size (Table 1 ) and substantial gut retention times (Table 2) of herbivores, such as deer, suggest that they are capable of being the vector for seed dispersal over considerable distances. Many other taxa of herbivores could also be responsible. Migratory movements of animals could account for this discrepancy in plants which retain their seeds over-winter, but dispersal within territories by these animals could account for this discrepancy if territories do not remain ®xed over many years. Ectozoochorous dispersal could similarly account for the discrepancy, but has received little study and would be dif®cult to quantify in terms of seed movement and arrival in germination sites.
This paper aims to set out the evidence and assumptions that have to be made about the foraging behaviour of large herbivores, their ranging behaviour and the probability of survival of seeds in the gut to ensure that this mechanism is suf®cient to disperse seeds at the necessary rate. This is discussed with the aid of a simple individual-based model of population dynamics and dispersal that is partly on data for a woodland herb, Asarum canadense L. (Cain et al., 1998) . The model includes local population dynamics and dispersal, and the effects of seed removal by large herbivores.
A MODEL OF PLANT DI SPERSAL
A simple, one-dimensional, individual-based model of plant population dynamics and dispersal was constructed. The arena was 100 km long, divided into ®xed 10 m`cells'. Plants grow within each cell up to a maximum population size (R max ), and the seeds that are produced in each cell can disperse to other cells in the arena. Each seed, as well as each cell, is explicitly represented within the computer model. As the simulation was set up to represent the dispersal of woodland herbaceous species, the dispersal of the tree species making up the`woodland' was not represented dynamically, but was assumed to occur at 100 m year ±1 (Huntley & Birks, 1983) . This represents either the front of tree invasion (or the movement of suitable woodland conditions with which the species is associated).
Basic population dynamic model
Within each cell (x) the population of the plant follows a simple stage-classi®ed matrix model (Caswell, 1989) . Plants are assumed to take 3 years to reach reproductive maturity (R), passing through a seedling (S) and a yearling (Y) phase. Plants produce seeds (sd) only at maturity. Density dependence operates in the model at the seedling establishment stage ± sd to S transition (f(x)). The transition probabilities, fecundity (equation 1) and the probability of seedling establishment (equation 2) are based on those of Cain et al. (1998) for A. canadense, but are used for illustration rather than to describe the behaviour of that species. There is no persistent seedbank present.
Seedling establishment can only take place within thè woodland' canopy, such that
Local dispersal model
Asarum canadense is dispersed by ants as well as by simple gravity. Each seed produced has a set probability of dispersing within the cell (P 0 ), and dispersing to one of the six neighbouring cells (P ±3 , P ±2 , P ±1 , P +1 , P +2 , P +3 ). Each probability can be set separately. Dispersal probabilities were set at P 0 0.96, P ±1 and P +1 0.015, P ±2 and P +2 0.0035, P ±3 and P +3 0.0015. These probabilities were selected to provide a similar migration rate (0.733 m year ±1 ) to that calculated for A. canadense (10.5 km in 16,000 years since warming began at the end of the last ice age 0.656 m year ±1 ; Cain et al., 1998) for local dispersal.
Herbivore dispersal model
The total seeds removed from each cell by the herbivore (E x ) is equal to the total seeds produced in the cell ( sd n ) multiplied by the proportion eaten (P e ) (equation 3).
The mean number of seeds deposited by the herbivore (equation 4) in each cell (A x )
is a function of the total number of seeds consumed within the herbivore's territory ( E x ), the probability that a seed survives passage through the gut (P s ), and the total size of the territory (T l ). A Poisson distribution was used to calculate the actual deposition of seeds per cell. This assumed that the animal could be present anywhere within the cell by the time an individual seed had been released from the gut. Territory size can be adjusted to simulate the effects of different animal species involved in dispersal, and the centre of each territory is randomized each year such that territory boundaries do not become arti®cial hurdles for dispersal.
The model was constructed in Delphi version 3.0. Three simulations were carried out for each separate combination of parameters.
ECTO/ENDOZOOCHOROUS DI SPERSAL OF HERBACEOUS SPECIES
The behaviour of the herbivore dispersal model was analysed by running it with all parameters except one held constant whilst varying that one. When not varied, these constants were a herbivore territory length (T l , m) of 5000 m, a probability of removal from the plant (P e ) of 0.2, a probability of successful passage through the gut (P s ) of 0.1, and a maximum population size (R max ) of 100 plants per cell (10 m).
Varying the territory size of a herbivore species almost linearly affected the dispersal rate, with the largest territory length, 5000 m, producing a dispersal rate within 1% of the maximum possible (100 m year ±1 ) set within the model by the rate of tree dispersal (Fig. 1) . In this simulation, and all the others, most combinations of parameter values gave results that varied little between model runs.
Over most of the range of possible gut survival probabilities there was no effect on dispersal rate at the larger territory size (5000 m, Fig. 2 ). Reducing gut survival to P s < 0.1 rapidly reduced dispersal rate to c. 50 m year ±1 at P s 0.005 and c. 20 m year ±1 at 0.0005. At the smaller territory size (1000 m), there was a response to high gut yr -1 ) Figure 1 Relationship between the predicted mean dispersal rate (m year survival probabilities with a maximum dispersal rate of c. 50 m year ±1 observed if all seeds consumed survived passage. There was a similar drop off in predicted dispersal rate at low levels of gut survival (P s < 0.1), although at rates even down to P s 0.0005, dispersal was still ®ve times faster than ant dispersal.
High levels of seed consumption (P e > 0.5) adversely affected total population size, with extinction possible because of the removal of seeds and losses during digestion (Fig. 3) . Over the range P e 0.1±0.5 there was little effect on dispersal rates with either small or large territory sizes. However, if fewer seeds were consumed then there was a rapid reduction in dispersal.
As a check on model behaviour and the possible in¯uence of population size, the maximum population per cell was also varied (Fig. 4) . There was little effect on dispersal rate with cell populations above 20 plants per 100 m 2 equivalent. Even at ®ve plants per cell, herbivores with a territory size of 5000 m still dispersed seeds on average 44 m year
±1
.
DI SCUSSION
The model described here illustrates the potential for large herbivores to disperse seeds at rates that can account for the large-scale, long-distance plant migrations that have occurred in temperate areas during the Holocene. The model indicates that herbaceous plants may be capable of keeping up' with the dispersal of the woodland tree species they are associated with. For the example species used here (based on A. canadense) this means that under certain conditions the species was able to maintain a dispersal rate within that hypothesized as the rates needed to spread from possible refugia to its present limits of distribution (45± 125 m year
±1
, Cain et al., 1998) . The idea of large herbivores being the main vector responsible for dispersing plants is well recognized. However, it has largely been regarded as important for only certain groups, for instance a number of tropical tree species which appear to have lost any dispersal possibilities as a result of the loss of their associated (and possibly co-evolved) animal dispersal vector (Janzen, 1981) . It has also been hypothesized that birds or extreme weather events might be responsible for the long-distance dispersal of many tree species during the Holocene migrations (Wilkinson, 1997; Chambers, 1999) . However, there has been no speci®c identi®cation of zoochory as a major method of plant dispersal that could be responsible for these Holocene migrations of groups such as woodland herbs, grassland, montane and desert species (Cain et al., 1998) .
If the potential for zoochory, and in particular endozoochory, to be responsible for the observed long-distance migrations is to be recognized then a number of questions have to be addressed. , AE1 SE, n 3) of the plant species and the probability of survival in the gut of the herbivore (P s ) at two territory sizes ÐÐ T l 1000, ± ± ± ± T l 5000. Other parameters set were P e 0.2, R max 100. The vertical lines represent standard error. , AE1 SE, n 3) of the plant species and the probability of seed consumption of the herbivore (P e ) at two territory sizes ÐÐ T l 1000, ± ± ± ± T l 5000. Other parameters set were P s 0.1, R max 100. The vertical lines represent standard error. , AE1 SE, n 3) of the plant species on its maximum population size (R max ) at two territory sizes ÐÐ T l 1000, ± ± ± ± T l 5000. Other parameters set were P s 0.1, P e 0.2. The vertical lines represent standard error.
Are seeds consumed? Given that seeds survive digestion (see below), they must be consumed. Measurements of seed predation in relation to large herbivores are limited, but, in a Mediterranean grassland at high sheep density (1.7 sheep per hectare), 0.5% of the legume seeds present were removed per day (Russi et al., 1992) .
Do seeds survive digestion? Russi et al. (1992) recorded survival rates of between 23 and 59% of seeds fed to sheep of three species of Trifolium L. Of six Australian pasture species, all survived gut passage to some degree (8±39%) in cattle, sheep and goats (Simao Neto et al., 1987) . Viability of consumed achenes varied between 0 and 9% for three species of Polygonum L. (Staniforth & Cavers, 1977) . In a dry grassland in England, 39 out of the 77 species recorded emerged from rabbit dung (Pakeman et al., 1999) , and in a dehesa system in Spain, 107 species of a local¯ora of 350 germinated from animal dung (Malo & Suarez, 1995) . Also 42 of 44 species of Australian pasture legumes, and 9 grasses out of 28 survived bovine digestion (Gardener et al., 1993) . Many species survive passage through the mammalian gut and some of these (e.g. Senecio jacobaea L., Pakeman et al., 1999) appear well adapted to other means of dispersal. There is no evidence that A. canadense survives or does not survive gut passage.
Are large herbivores suitable candidates for dispersal vectors? Calculated rates suggest red deer can disperse 20,000 seeds per day and cattle 300,000 (Malo & Suarez, 1995) . Even rabbits disperse 500 seeds per day and can move regularly up to 120 m (Kolb, 1991a,b) . Gut passage times (Table 2) show that large herbivores can easily reach anywhere in their territory (Table 1) to deposit seeds eaten elsewhere. Large mammals appear capable of providing the means of long-distance dispersal for species that produce seed that is consumed and that survives passage through the gut.
There are few data for the dispersal of woodland plants by zoochory, and not many for grassland, heathland and dehesa species, and even fewer regarding gut survival and granivory. However, the model, and what evidence there is, suggests that zoochorous dispersal may be suf®cient to account for the observed migration rates of woodland ground¯ora species in the Holocene. There may be no need to invoke exceptional events to explain the discrepancy between measured and historical dispersal rates (Cain et al., 1998; Higgins & Richardson, 1999) , although occasional longdistance dispersal by animals may play a role in ensuring rapid migration. The model suggests that the necessary rates of migration for woodland herbs, such as A. canadense (equivalent to 45±125 m year ±1 ), are within the capacity of zoochorous dispersal by large herbivores. This may not only apply to woodland herbs, which have been highlighted as a group of species that currently lack obvious means of longdistance dispersal, but to other communities where the same suggestion has been made (Cain et al., 1998) .
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